ADA05671  3 


OFFICE  OF  NAVAL  RESEARCH 
Contract  No.  N00014-75-C-0602 
Task  No.  NR-056-498 
TECHNICAL  REPORT  NO.  30 


THE  STUDY  OF  THE  INTRAMOLECULAR  HEAVY  ATOM  EFFECT  IN 
9,10-DICHLOROPHENANTHRENE  AND  1, 2,3,4- 
TETRACHLORONAPHTHALENE  USING  PMDR  TECHNIQUES 


1? 


o. 

o 

CJ) 


by 


Talal  Akasheh 
Department  of  Chemistry' 
University  of  California 
Los  Angeles,  California  90024 


Prepared  for  Publication 


in 


Chemical  Physics  Letters 

Reproduction  in  whole  or  in  part  is  permitted  for 


SeCURITY  CLASSIFICATION  OF  THIS  PAGE  fHTxn  Omit  Cntmrmd) 


REPORT  DOCUMENTATION  PAGE 


I I.  REPORT  NUMBCn 

Technical  Report  No.  30-^ 


2.  GOVT  ACCESSION  NO 


Uinrt 

■»e  Study  of  the  Intramolecular 
9, 10-Dlchlorophenanthrene  and 
[chloronaphthalene  Using  PMDR  Techniques  # 

• rmwi^iTfii  I - -.-f*.  '' 


READ  INSTRUCTION'S 
BEFORE  COMPLETING  FORM 


) ^CClPlENT'S  catalog  NUMHf.R 


— REPORT  k PERIOD  COVERED 

Heavy  Atom  Effectf|^I“  / 1^^ 

1,2.3.4-Tetra-  inytnterlm/echnlcal 


ralal/Akasheh 


» PCnFORMINC  OHOANIZATION  NAME  AND  ADDRESS 

Regents  of  ch«  Unlverai^  of-  Galifomia — • 
University  of  California,  405  Hilgard  Ave. 
Los  Angeles,  California  90024 


>1.  CONTROLLING  OFUCL  NAME  AND  ADDRESS 

Office  of  Naval  Research 
Chemistry  Branch 
Arlington.  Virginia  22217 


14  WONITORINC.  AGENCY  NAME  A AODRtSS(il 

Office  of  Naval  Research 
Branch  Office 
1030  East  Green  Street 
Pasadena,  California  91106 


'6.  DISTRIBUTION  STATEMf  NT  (ol  Dill  Krporl) 


Distribution  of  this  document  Is  unlimited. 


S.  PERFORMING  ORC.  REPORT  NUMBER 


10  program  t I r Ml  NT.  PHOJi  Cl  . T ASK 
AREA  A WORK  unit  NUMHI  RS 


NR-056-498 


IJ  report  DAI  E 

June  30,  1978 
iji  numberT'T'paoes 
13 


IS.  Sk'CURlTV  CLALS.  (ot  thia  nfi'ttj 

Unclassif led 

IS»  oi  l l A'sStf  IC  AT  lON  DOWiTgRADiNG 
SCmEOuLF 


17.  DISTRIBUTION  STATEMENT  (ft/  th»  s/t»trmct  entered  tn  Oloek  20,  It  dlitwrant  Itetm  Hrfort) 


te.  supplement  ARY  NOTES 

To  be  published  in  Chemical  Physics  Letters 


KEY  WORDS  (Conllnum  on  frv«r««  aid»  It  noc««»«r>  aiij  Idonflfv  t>v  block  number) 

phosphorescence  — 

PMDR  . 

heavy  atom  effect  ^ 5 ^ A** 


/ ,1 1 

0 * 


I ai 


20.  ABSTRACT  ^Conl/niio  on  tovtao  tido  It  nocofry  onrl  Identity  by  bloch  niimb*r) 

The  heavy  atom  effect  in  triplet  9 , 10-d ichlorophenanthrene  and  1 ,2,3,4-tetrachloro 
naphthalene  is  investigated  by  PMDR  techniques.  As  In  the  parent  hydrocarbons, 
spin-orbit  and  spin-orbit  vlbronlc  mechanisms  are  Invoked  to  explain  the  results. 
The  relative  radiative  rates  of  the  triplet  zero-field  levels  are  determined  by 
static  distortions  of  the  chlorine  atoms,  while  the  Intersystem  crossing  rates 
from  ^\are  mainly  governed  by  the  enhancement  of  spin-orbl^  vlbronic  coupling  via 
C-Cl  out-of-plane  modes  that  mix  the  relevant (57^^*  and  ti,7t^  states . In  both  pro- 
cesses the  top  two  levels^(T^  and  r„)''are  more  active,  with  the  most  favoured 

iA£ 


DD 


fha  --  A-  -B- --  - ^ — , I 

I jan”?!  EDITION  OF  I NOV  *s  IS  o«oi  ETL^  UNCLASSIFIED  L 

\ /\  H ^ ^ \ security  Cl  ASSiFICATlON  QI  THIS  pTgC  , H'^-TTriFfT  TiTlrr#^'  ' 

(J  \ Xj  O 1 n H i' A ')  K'i'  Taci  S') 


mv. 


The  Study  of  the  Intramolecular  Heavy  Atom  Effect  in 
9,10-Dichlorophenanthrene  and  1, 2,3,4- 
Tetrachloronaphthalene  Usinq  PMDR  Techniques 
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ABSTRACT 


The  heavy  atom  effect  in  triplet  9,10-dichlorophenanthrene  and 
1 ,2,3,4-tetrachloronaphthalene  is  investigated  by  PMDR  techniques.  As 
in  the  parent  hydrocarbons,  spin-orbit  and  spin-orbit  vibronic  mechanisms  are 
invoked  to  explain  the  results.  The  relative  radiative  rates  of  the  triplet 
zero-field  levels  are  determined  by  static  distortions  of  the  chlorine  atoms, 
while  the  intersystem  crossing  rates  from  S^  are  mainly  governed  by  the 
enhancement  of  spin-orbit  vibronic  coupling  via  C-Cl  out-of-plane  modes 
that  mix  the  i-elevant  o.tt*  and  states.  In  both  processes  the  top  two 
levels  (x^andTg)  are  more  active,  with  Xg  the  most  favoured  of  the  two. 
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1 . Introduction; 

It  Is  well  known  that  the  Internal  heavy  atom  effect  (HAE)  on  the  dynamic 
properties  of  triplet  aromatic  molecules  exhibits  itself  by  enhancing  multi- 
plicity forbidden  transitions  via  increased  spin-orbit  coupling  routes  with 
1 * 

singlet  states.  o.tt  states  play  the  most  prominent  role  In  this  scheme 
since  coupling  between  Tr.ir*  and  tt.tt  states  is  vanishingly  small  (1-3). 
Experimentally,  an  enhanced  intersystem  crossing  rate,  a shortening  of 

the  T-j  lifetime  and  an  increased  -►Sq  radiative  decay  are  associated  with 

the  HAE (4).  Considerations  of  the  phosphorescence  polarization  and  the  an- 
isotropy of  the  dynamic  behaviour  of  individual  zero-field  levels  of  in 
haloaromatics  require  the  involvement  of  spin-vibronic  and  spin-orbit  vibronic 
interactions  (5-7). 

The  use  of  PMOR  techniques  (3)  has  proven  to  be  a powerful  tool  for  investi- 
gating the  dynamics  of  individual  zero-field  level  behaviour.  The  radiative  proper- 
ties of  the  three  levels  for  the  0-0  optical  transitions  have  led  to  predictions 
concerning  static  molecular  distortions  (8,9)  in  haloaromatics  as  well  as  assign- 
ments of  the  orbital  symmetries  of  T^  in  benzene  (10),  phenanthrene  (11), 
naphthalene  (12)  and  tetrachlorobenzene  (13).  Furthermore,  the  radiative  properties 
of  the  zero-field  levels  observed  by  monitoring  vibronic  bands  together  with  their 
relative  intersystem  crossing  rates  (12,14-16)  established  the  importance  of 
out-of-plane  vibrational  modes  in  the  spin-orbit  vibronic  coupling  scheme. 

Recently,  the  dynamic  properties  of  the  triplet  state  of  various  halo- 
aromatic  compounds  we  re  studied  (17).  In  this  paper  we  report  similar  results  for 
9,10-dichlorophenanthrene  (OCP)  and  1 ,2,3,4-tetrachloronaphthalene  (TCN)  in 
n-hexane  at  1.6*K.  Experimental  techniques  have  been  thoroughly  described  in 
the  literature  (3,18-22),  and  will  not  be  discussed  here. 
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2.  Resul ts : 

2.1  .!•  9.10-D1ch1orophcnanthrene: 

The  uncorrected  1.5®K  phosphorescence  spectrum  Is  shown  In  Fig,  1 while 
the  calibrated  (using  Hg  lines)  band  locations  are  given  in  Table  1.  Two 
sites,  82  cm"^  apart,  are  observed  with  0-0  bands  at  20842  and  20760  cm*^,  respec- 
tively. The  two  sites  are  also  observed  in  the  0-260  cm'^  vibrational  bands.  The 
stronger  0-0  band  {<^0760  cm"')  was  monitored  throughout  the  experiment.  The 
zero-field  transitions  (D-E  and  2E)  that  are  shown  in  Table  2 are  close 
to  those  known  for  phenanthrene.  The  2E  transition  monitored  at  20760 
cm"^  is  slightly  different  from  that  at  20842  cm"\  thus  confirming  the 
existence  of  two  sites.  The  D+E  transition  can  only  be  observed  in  EEDOR 
(23).  The  relative  radiative  rates  (0-0),  the  lifetimes  , the  rela- 
tive populating  rates,  K. , and  the  relative  populations,  N^. , are  also 
shown  in  Table  2.  For  comparison  purposes,  results  for  phenanthrene 
found  in  the  literature  (11,15)  are  included. 

2.1.2.  1 ,2  .3.4-Tetrachlorondphthalene : 

The  phosphorescence  spectrum  and  calibrated  bands  for  TCN  are  shown 
in  Fig.  2 and  Table  3,  respectively.  The  zero-field  transition  energies 
(also  presented  in  Fig.  2 ) are  typical  of  naphthalene  and  azanaphthalene 
systems.  Table  4 gives  the  dynamic  properties.  These  are  compared  with 
naphthalene  results  (12,  15),  and  it  is  noticed  that  TCN  follows  the  same 
general  trends  as  in  the  parent  hydrocarbon. 
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3.  Discussion: 

3.1.  Relative  radiative  rates : 

In  both  chlorinated  molecules  It  Is  observed  that  Tg  (total  symmetry  « 
sp1n(A2)  X orb1tal(B2)  * B^)  Is  the  most  radiative  level  In  the  0-0.  This  Is 
also  the  case  for  the  parent  hydrocarbons.  The  group  theoretical  predic- 
tions of  spin-orbit  coupling  (SOC)  In  synmetry  (see  ref.  3)  confirm 
that  this  level  Is  the  one  that  mixes  with  the  ^o,n*  states  (^B^)  and  hence 
benefits  most  from  spin-orbit  coupling.  The  lowest  level,  mixes  with 
the  states  ( ) and  hence  Is  the  least  emissive.  Similar  arguments 

Indicate  that  the  orbital  symmetry  of  the  lowest  triplet  state  of  TCN  and 
DCP  Is  of  B^  species,  since  otherwise  would  be  the  most  radiative  level; 

If  the  orbital  symmetry  were  , then  would  have  total  sytmietry  and  It  would 
mix  with  the  (B^)  state.  Comparison  of  DCP  with  phenanthrene  shows 

that  the  level  Is  emissive  In  the  substituted  compound  though  the  parent 
nx)lecu1e  doesn't  show  such  activity.  This  can  be  explained  by  static  in- 
plane distortion  of  the  two  chlorine  atoms  In  a manner  that  destroys  the 
and  reflection  synmetry  perpendicular  to  the  plane  of  the  molecule.  This  mixes 
the  tg  character  into  the  level  and  causes  the  observed  radiative  activity  of 
the  t^.  In  TCN  static  out-of-plane  distortions  of  the  crowded  chlorine  atoms 
seem  to  be  the  cause  of  the  radiative  character  of  the  lowest  level  which 

Is  dark  in  naphthalene.  Such  behavior  has  also  been  observed  for  2 ,3-d1bromo- 
naphthalene  (8). 

3.2.  Intersystem  Crossing  Rates : 

The  trend  In  the  relative  Intersystem  crossing  rates  shows  the  same  behavior 
for  the  DCP  and  TCN  as  for  the  parent  hydrocarbons.  The  top  two  levels, 
and  Tg,  are  most  favoured  with  tg  having  the  higher  rate  of  the  two.  As  In 
the  parent  hydrocarbons  (3,  15)  the  results  can  be  explained  by  spin-orbit 
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vlbronlc  coupling  (see  refs.  3 and  15).  Intersystem  crossing  from 

to  is  not  favourable  by  SOC  alone.  Vibronic  coupling 

via  a^  or  b^  vibrations  could  contaminate  the  with  character. 

The  contaminated  singlet  has  better  SOC  ability  with  the  state.  Alter- 
natively the  vibronic  mixing  could  occur  in  the  triplet  nwnifold  with 
exactly  the  same  predictions.  The  a^  vibration  enhances  level  while  the 
bj  vibration  enhances  the  population  of  Tg  (e.g.  , B.,  B,). 

However,  compared  to  the  parent  hydrocarbons  ig  is  even  more  favoure^i  than 
This  indicates  that  the  heavy-atom  enhances  the  ability  of  the  b^  vibration  to 
couple  the  electronic  levels  iiX)i\'  tnan  tlie  a^  none.  The  n.n*  and  o.n* 
states  are  orthogonal  and  possess  different  symmetries  with  respect  to  the 
iwlecular  reflection  plane.  Thus  the  a^  and  b^  modes  are  out-of-pIane 
vibrational  modes.  Their  enhancement  by  heavy  atom  substitution  results  in 
the  enhancement  of  a strong  nontotal ly  svnwetric  progression  in  the 
phosphorescence  spectrum.  This  has  been  observed  at  77  "'K  for  various  halo- 
phenanthrenes  (30).  Furthermore,  in  tetrachlorobenzene  (TCB)  (14)  the  most 
effective  out-of-plane  nwde  was  found  to  be  the  b^^  which  cort'esponds  to  C-Cl 
out-of-plane  vibration.  Thus,  the  active  b^  vibration  in  OCR  and  TCN  can  be 
safely  assumed  to  be  the  out-of-plane  C-Cl  vibrations  corresponding  to  the 
b^g  out-of-plane  C-H  or  C-C  bending  vibration  in  naphthalene  and  the  b.,^ 
out-of-plane  C-Cl  vibration  in  TCB. 


j 


1 


ACKNOWLEDGMENT ; The  financial  support  of  the  Office  of  Naval  Research  is 
gratefully  acknowledged. 


REFERENCES 

1.  D.  S.  McClure,  J.  Chem.  Phys.,  20.  282(1952). 

2.  S.  K.  Lower  and  M.  A.  El-Sayed,  Chem.  Rev.,  66,  199(1966). 

3.  M.  A.  El-Sayed,  In  Excited  States.  Vol . 1,  p.  35,  Academic  Press,  Inc.,  1974. 

4.  C.  T.  Lin,  Thesis,  UCLA,  1974. 

5.  M.  A.  El-Sayed,  Acta  Phys.  Polonica,  XXXIV.  649(1968). 

6.  M.  A.  El-Sayed,  Proceedings  for  the  Int.  Conf.  on  Lum.,  p.  373(1966). 

7.  N.  K.  Chaudhurl  an*  f*  ■^.  El-Sayed.  J.  Chem.  Phys.,  47,  2566(1967). 

8.  M.  A.  El-Sayed,  M.  Lcung  and  C.  T.  Lin,  Chem.  Phys.  Lett.,  .14,  329(1972). 

9.  G.  Kothandaraman  and  0.  S.  Tinti,  Chem.  Phys.  Lett.,  19,  225(1972). 

10.  A.  A.  Gwalz,  H.  A.  El-Sayed  and  D.  S.  Tinti,  Chem.  Phys.  Lett.,  9,  454(1971). 

11.  A.  L.  Kwiram,  Chem.  Phys.  Lett.,  1,  272(1967). 

12.  a.  H.  Sixl  and  M.  Schwoerer,  Chem.  Phys.  Lett.,  6,  21(1970). 
b.  M.  Schoerer  and  H.  Sixl,  Chem.  Phys.  Lett.,  2,  14(1968) 

13.  C.  R.  Chen  and  M.  A.  El-Sayed,  Chem.  Phys.  Lett.,  10,  307(1971). 

14.  W.  Pitts  and  M.  A.  El-Sayed,  Chem.  Phys.,  19,  289(1977). 

15.  M.  A.  El-Sayed,  W.  R.  Moomaw  and  J.  B.  Chodak,  Chem.  Phys.  Lett.,  11(1973). 

16.  M.  A.  El-Sayed  and  C.  R.  Chen,  Chem.  Phys.  Lett.,  10,  313(1971). 

17.  C.  T.  Lin,  J.  of  Luminescence,  12/13,  375(1976). 

18.  C.  J.  Wiscom  and  A.  H.  Makl,  Chem.  Phys.  Lett.,  12,  264(1971). 

19.  A.  L.  Shain  and  M.  Sharnoff,  J.  Chem.  Phys.,  M,  2335(1973). 

20.  J.  Schmidt,  D.  A.  Antheunis  and  J.  H.  van  der  Waals,  Mol.  Phys.,  22,  1(1971). 

21.  M.  A.  El-Sayed  and  J.  Olmsted  III,  Chem.  Phys.  Lett.,  H,  568(1971). 

22.  J.  B.  Chodak,  Thesis.  UCLA,  1974. 

23.  J.  Terner  and  M.  A.  El-Sayed,  unpublished  results. 

24.  J.  K.  Roy  and  L.  Goodman,  J.  Mol.  Spect.,  19,  389(1966). 


f 


\ ^ 

Table  1.  Calibrated  phosphorescence  bands  of  9,10-dlchlorophenanthrene 

AvlEsli) — 1 


_A_ 

-1 

cm 

* 

Intcnvl t y 

Site  I . _ 

AkL'U 

4798 

20842 

H 

0 

4817 

20760 

S 

0 

4661 

20574 

VW 

268 

487b 

20512 

vw 

330 

4881 

20490 

H 

270 

4896 

20426 

M 

416 

334 

4699 

20413 

M 

429 

4915 

20346 

M 

414 

4918 

20334 

H 

426 

4921 

20313 

VW 

529 

4943 

20231 

w 

. 

529 

4942 

20236 

u 

4996 

20015 

vw 

827 

5000 

20002 

w 

840 

5017 

19932 

w 

828 

5020 

19922 

M 

838 

5025 

19900 

VW 

942 

• 

5046 

19819 

VW 

941 

5047 

19813 

w 

1029 

5069 

15729 

u 

t 

1031 

* 

M - 

Modliim;  S 

Strong;  V ••  Very; 

W - Weak 

Table  2.  Zero-field  transitions,  the  relative  radiative  rates. 


k^(O-O),  the  lifetimes,  t^,  and  relative  populations 
of  the  zero-field  levels  of  9,10-dichlorophenanthrene 
and  phenanthrene  (in  parentheses) 


it 

Phenanthrene  9,10-Dichlorophenanthrene 


kJ(O-O) 

*^1 

i^(sec) 

kJ(O-O)* 

21  0-k 

'A 

0 

0.70 

0.48 

0.46 

0.60 

0.43 

2.864 

(2.802)f 

1 

1 

0.14 

1 

1 

0.20 

1.73." 

(1.731)* 

0.25 

0.32 

2.0 

0 

0.12 

0.37 

See  Refs.  11,15 


Table  3.  Calibrated  pbosphorescence  bands  of  1 , 2 , 3 ,4- tet rachloronapht halene 


WavelcnRth  (A) 

Frequency  (cm 

Relative  Intcns Ity 

Av(cm  S 

5058 

19770 

VS 

0 

5100 

19609 

VW 

161 

5137 

19466 

w 

304 

5142 

19448 

M 

322 

5144 

19440 

S 

330 

5150 

19418 

M 

352 

5161 

19377 

M 

393 

5175 

19324 

W 

446 

5200 

19230 

M 

540 

5217 

19168 

W 

602 

5234 

19105 

M 

665 

5239 

19088 

M 

682 

5256 

19026 

W 

744 

5262 

1‘1003 

xri 

767 

5281 

18937 

w 

P33 

5291 

18901 

V 

869 

5320 

1S799 

w 

971 

5342 

18720 

w 

1050 

5372 

lf.614 

• 

w 

1156 

5434 

IS’O? 

w 

1368 

5440 

18381 

M 

1389 

Table  4. 


The  dynamic  properties  of  1 ,2 ,3,4-tet  rai-l>loronaphthalene 
and  naphthalene. 


Naph thalenc  (N) 

1.2. 3.4- 

•tetrachloronaphthalene 

T^(sec) 

k^(O-O) 

R 

_i 

1 1 

0.055 

1 

1 

0.29 

0.25-0.22  0.39 

0.200 

0.13 

0.25 

0.26 

~ 0 0.17 

1.50 

0.13 

0.05 

0.45 

a)  Ref.  12. 


b) 


Ref.  15 


FIGURE  CAPTIONS 

Fig.  1 9,10-dichlorophenarithrene  phosphorescence  spectrum 
(uncorrected)  at  1.5® K in  n-hexane.  The  axes 
system  and  the  zero-field  energy  level  diagram  are 
also  shown. 

Fig.  2 Phosphorescence  spectrum  (uncorrected)  at  1.5° K 

in  n-hexane,  energy  level  diagram,  axis  system  and 
zero-field  transitions  (in  GHz)  of  1 ,2,3,4-tetrachloro- 
naphthalene. 
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